Pulsed laser deposited films of Co doped anatase TiO 2 are examined for Co substitutionality, ferromagnetism, transport, magnetotransport and optical properties. Our 
Introduction
Diluted magnetic semiconductors (DMS) have attracted considerable recent attention 1 because of their potential for novel applications (combining magnetics, electronics, and photonics) in the rapidly evolving area of spintronics. Equally important is the fundamental issue of the origin and the nature of ferromagnetism in these low carrier density semiconductor systems. While carrier induced interaction between the magnetic atoms (e.g. Mn, Co) is suggested as the important ingredient underlying ferromagnetism in the DMS, the precise mechanism is still controversial and is being actively debated in the literature 2 .
Recent work in this area has focused mostly on Mn doped III-V compound semiconductors, e.g. Ga 1-x Mn x As. Subsequently, however, the search has been extended to materials such as the Mn doped group IV semiconductors (e.g. Mn x Ge 1-x ) and various oxide systems in view of the rich property-space the oxides have to offer. In the oxide family, DMS ferromagnetism was first reported in Co doped ZnO via magnetoresistance and magnetic circular dichroism measurements 3, 4 . Ueda et al. 5 reported a Curie temperature (T C ) as high as 300 K in some of their Zn 1-x Co x O films, although the reproducibility was less than 10%, with most samples exhibiting spin glass behavior, raising questions about the intrinsic nature of ferromagnetism in Zn 1-x Co x O. Recently, Matsumoto et al. 6 reported occurrence of ferromagnetism above room temperature in Co doped anatase TiO 2 , which generated great interest in the condensed matter community, creating new multifunctional possibilities for materials design and exploration using oxide based ferromagnetic semiconductor materials. Some significant advantages of ferromagnetic Co:TiO 2 are: a) its reported high temperature ferromagnetism which makes it particularly attractive from a technological perspective, b) the relative ease of materials synthesis and processing, and c) the electronic nature of the carrier system (in the Mndoped III-V DMS systems the carriers are holes making it problematic for actual applications).
Anatase TiO 2 is a wide band gap semiconductor with excellent optical transmission in the visible and far infrared regions, a high refractive index, a high dielectric constant, and useful photocatalysis properties. It has been shown to have a very shallow donor level, high n-type mobility, and a large thermopower. The n-type carriers (i.e. electrons) in TiO 2 result from oxygen vacancies, which provide tunability to its properties. The few studies 6,7 performed on anatase Ti 1-x Co x O 2 thus far suggest the following: (i) Co is soluble in anatase TiO 2 at least up to x = 0.08 -0.1, with no obvious indication of clustering; (ii) T C is well above 400 K; (iii) the oxidation state of Co is 2+; and (iv) the films exhibit a large magnetoresistance at very low temperatures and high fields.
Unfortunately however, there is neither a clear determination of T C for the system, nor a specific model which could bear out a significantly high T C . This has lead to suggestions/speculations about Co clustering and the very interest in this and similar systems hinges on the resolution of these matters.
In this paper, we examine pulsed laser deposited high quality films of Co doped anatase 8 . The advantage of the STEM analysis over conventional transmission electron microscopy (TEM) is that it provides a direct image of compositional variations and the spectroscopy allows valence states to be identified. 9 . We note that these possibilities inflict a negative distortive influence on the surrounding TiO 2 , which is consistent with the reduced x-ray diffraction peak intensity.
Results and Discussion
In Fig. 3 we show the results of magnetization measurements for the Ti 0.93 Co 0.07 O 2-δ films. The SQUID data obtained for 5-350 K shows that the saturation magnetization is almost constant over this temperature range, in complete agreement with the previous reports 6, 7 . The saturation magnetic moment in our films is however found to be ~ 1.4 µ B /Co, which is higher as compared with that of Matsumoto et al. 6 . We note that our oxygen pressure during deposition was higher than that employed by Matsumoto et al. 6 .
Chambers et al. 7 used oxygen-plasma-assisted molecular beam epitaxy to grow Co x Ti 1-x O 2 films at low growth rate and oxygen-rich conditions, which could possibly lead to a different state of the sample. Interestingly however, their magnetization (~1.26 µ B /Co) is comparable to ours. A nearly constant magnetization over 5-350 K range was also observed for other dopant concentrations between 1-15% Co, indicating that the T C for all such films is well above 350 K.
We employed VSM to obtain the T C . Figure 3 also shows these magnetization data measured in pure argon ambient up to 1200 K. A clear transition is seen near 1180 K, which is remarkably high and close to the T C of pure Co metal. This strongly suggests the presence of Co metal clusters in the film, which we establish by STEM and EELS, as discussed below. We also like to point out that the hysteresis loops measured at low temperature under zero field cooled (ZFC) and field cooled (FC) conditions (shown in the inset) did not exhibit any significant relative shift, implying the absence of any aniferromagnetic skin layer such as CoO and the attendant exchange coupling effects. We further note that the magnetization as a function of temperature as measured by VSM is not characteristic of a typical ferromagnet and shows some structure, especially around 700-800 K.
In Fig. 4 In order to explore whether the high temperature VSM measurement causes any changes in the state of the sample, we remeasured the same sample of Fig. 3 up to high temperatures. The corresponding data are shown in Fig. 6 (a) . Remarkably, a clear magnetic transition is observed with a T C near ~ 650 K, and there is hardly any magnetic moment at higher temperature. The room temperature moment in the remeasured (and therefore annealed) sample is found to be close to that in the as-grown sample within experimental accuracy. This shows that most of the Co is still present and is in the In Fig. 8 we compare the transport and magnetotransport data for the undoped and 
